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INTRODUCTION 
Noxious gases and odors in swine confinement buildings contribute 
to the production of adverse environmental conditions that generate 
undesirable physiological responses. Potentially lethal concentrations 
of gases and odors are possible as a result of ventilation breakdown, 
agitation within the manure storage pit, or ineffective control by con­
ventional ventilation systems. Therefore, an important aspect of 
environmental control is the removal of noxious gases and odors from 
swine confinement housing with slatted floors over manure storage pits. 
Conventional ventilation systems are usually designed to remove 
moisture produced by the livestock and provide adequate airflow rate and 
distribution for livestqck comfort. However, a ventilation system must 
be designed to efficiently remove the gases and odors from the swine 
confinement building installed with manure storage pits and slatted 
floors. Also, the economic value for the swine producer increases with 
greater efficiency in ventilation design which improves environmental 
conditions and swine production. 
A potential method to attain an optimumly_ controlled swine environ­
ment conducive to both the animal and laborer is a pit ventilation 
system. A pit ventilation system should exhaust noxious gases and odors 
that evolve in the pits before natural or forced convection currents 
transfer the gases and odors into the livestock environment. This is 
especially important when minimum airflow rates are employed during 
winter operation. Pit ventilation systems in swine confinement housing 
have not continually produced an optimum environment for both the animal 
2 
and operator. Consequently, improvements in design and performance data 
on various systems are needed, if more reliable ventilation is going to 
be provided. 
Pit ventilation system performance may be evaluated by comparing 
air velocities and airflow patterns to develop the information for 
pertinent engineering design. Therefore, a model study employing dimen­
sional analysis and the principles of similitude to study ventilation 
characteristics of two scale model pit ventilation systems was initiated 
with the following objectives: 
(l) Determine the influence of pit ventilation system geometry 
on swine building ventilation characteristics, and 
(2) Evaluate the effect of liquid manure pit storage level and 
percent slat opening on swine building ventilation charac­
teristics. 
REVIEW OF LITERATURE 
Swine Confinement Environment 
A continuously optimum environment for livestock includes an 
adequately des.igned structure and an environmental control system that 
is economically optimum. The major factors in swine confinement environ­
mental control are ventilation, temperature moderation, and management. 
Muehling (31) indicated that a controlled environment involves the 
following: (1) a plentiful supply of oxygen, (2) temperature control, 
CJ) humidity control, (41 absence of drafts, and ( 5 )  clean, disease-free 
surroundings. Ventilation is a method of environmental modification. 
According to the Midwest Plan Service (28) ventilation rate design is 
e£ther a balance or a compromise between the minimum rate necessary to 
remove moisture and the maximum that can be permitted to control tem­
perature. Dri9gers (12} says controlled ventilation is essential to 
tl) provide an environment conducive to optimum pig performance, 
(2) remove moisture, odors, gases, and airborne disease organisms, 
(_3) provide oxygen for normal respiration, (4) control the temperature, 
and (_5) provide. good working conditions for the labor force. 
The objective of air distribution is to prevent undesirable 
physiological responses from improper combinations of the environmental 
factors of temperature, humidity, and air motion, Esmay (17). There­
fore, adequate air distribution is an essential part of providing an 
optimum environment in livestock buildings. Air intakes are the key to 
proper distribution of air in a swine confinement building, Lubinus and 
Teter (26). Furthermore, intakes need to be matched to fan delivery for 
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reasonable distribution of incoming air. Skarp (41) studied 68 live­
stock units, with slatted floors above manure pits, and observed that 
the largest problems were caused by currents of cold air at low he ights 
due to ineffective mixing and distribution of the incoming fresh air 
from the air inlets. Drafts are most likely to occur at the inlet 
points. of ventilation systems where air speed is the highest and air 
temperature the lowest, Esmay (l7). Karhnak and Aldrich (22) studied a 
farrow-to-finish facility and found that air spe ed, air temperature, and 
relative humidity contribute to a draft condition. Furthermore, cold 
airflow must be controlled in order to facilitate m ixing with warm 
ambient air before contacting the livestock, Wilson, Esmay, and Persson 
t46). Cold weather ventilation calls· for slot-inlet air to be directed 
outward adjacent to the ceiling. High density production in confinement 
housing magnifies the importance of ventilation systems, especi ally with 
slotted floors and waste collection pits, Schulte, Deshazer, and 
Ide adi (40) • 
Dri ggers (ll) noted that with slatted floors, the odor problem 
inside buildings increases because anaerobic bacterial action on the 
stored manure in the pit under the floor produces gases and odors. 
Skarp (.41) noted that the dispersion of gases in the building depended 
on the building's shape, the ventilation system's design, the ventila­
tion capacity, the herd size, and the associated convection currents. 
Skarp l41} also observed that the gases mainly followed the air currents, 
the movements of which are largely determined by the design and location 
of the a ir inlets. 
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Winter ventilation is used chiefly for removing moisture, control­
ling moisture condensation, gases., and odors, ·Muehling (31) . Gas and 
odor control becomes important when low or mini.mum ventilation air 
exchange is utilized. Manure gases in confinement swine buildings have 
accumulated in concentrations that are dangerous to both pigs and the 
operator, Muehling (321. The Midwest Plan Service {28) reconunends 
ventilation of the space between the floor and liquid in swine housing 
with manure storage below the floor. However, only under special con­
ditions, such. as during a ventilation failure or during vigorous agita­
tLon of the manure in the pit, are dangerous levels reached, 
Muehling (32). 
Morrison, Givens, and Heitman (30) studied ventilation rates of 
O.l4, 0 . 4 2, and 0. 7l m3/min (5.0, 15.0, and 25. 0 cfm) per pig and com­
pared swine performance at weight ranges from 42 to 65 kg (9 2. 6 to 
143. 3 lb.) and from 69 to 88 kg (152.l to 194.0 lb.) and at optimum 
ambient temperature and at 8C (46F) above optimal. Morrison, Givens, 
and Heitman (30) concluded the growth rate and feed conversion were not 
affected by ventilation rates, but food intake was significantly lower 
at the lowest ventilation rate compared with the other two rates, but 
only at the hotter temperatures. Hacker, Stefanovic, and Batra (20) 
noted that cold-exposed pigs will have significantly 'tinderdeveloped 
reproductive systems. 
According to the Midwest Plan Service (28_) an optimum environment 
for finishing pigs and for achieving maximum feed conversions is approxi­
, mately a 13C (SSF) temperature and a moderate 'relative humidity of 50 to 
80 percent. 
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Evaluation of the data on the effect of slatted floor area, in 
swine livestock buildings, on feed gain comparisons suggests that from 
l/3 to l/2 of the floor should be slatted, Fri.tschen, Underdahl, and 
Deshazer (.18).. Dr.iggers (..13) observed that different amounts of slatted 
floors do not influence growth rate but an increased amount of slatted 
floor causes greater feed requirement per unit gain during the winter 
months. 
Effect of Manure Pit Gases, Odors, and Dust on Swine and Humans 
Merkel, Hazen, and Miner {27) identified certain fixed gases in a 
slotted floor swine confinement building as being carbon dioxide (co2), 
carbon monoxide (CO), hydrogen sulfide (H2S), ammonia (NH3), and methane 
(.CH4) plus a complex mixture of volatile organic intermediates which are 
important in the characteristic odor resulting from manure storage. Day, 
Hansen, and Andersen (9) identified ammonia {NH3), methane (CH4), carbon 
dioxide (co2) , and hydrogen sulfide (H2S) in the atmosphere of a totally 
slotted floor swine confinement building . Merkel, Hazen, and Miner (27) 
found that important intermediate products of anaerobic decomposition in 
manure storage pits include organic acids, amines, alcohols, carbonyls, 
and sulfides. The manure's temperature, fluidity, length of storage, 
and type of manure handling system are factors which determine the vol­
ume of gas released, Skarp (41) . Potentially lethal situations are 
associated with (1) ventilation breakdown, (2) agitation within the 
manure storage pit, and (3) entering the storage pit, Muehling (32). 
Deaths may occur due to oxygen starvation if the ventilation system 
fails, Andersen (2). According to the Midwest Plan· Service (28), 
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animals asphyxiate because methane and carbon dioxide displace oxygen . 
Skarp (4l) reported that all known cases of morality in swine herds had 
occurred in connectLon with agitation, pumping or cleaning-out of the 
liquid manure, when large volumes of gases were released . Threshold 
limits and dangerous values for carbon dioxide (C02), ammonia {NH3), and 
hydrogen sulfide tH2s) are 5000, 50, lO ppm and 250,000, 5000, 500-800 
ppm, respectively, Elliott et al. (l6) . Lebeda and Day (25) noted the 
importance of adequate ventilation by comparing NH3, co2, and H2s values 
in a swine confinement venti.lation unit with those in the same unit after 
ventilation fans had been turned off for 6 hours . With ventilation, 
NH3� C021 and H2s concentrations were 7. 4 ,  656, and 0.09 ppm, respec­
tively, while without ventilation (for 6 hours), the gas concentrations 
increased to 18 . 8, 4286, and 0 . 28 ppm, respectively. Liquid manure set 
in motion by pumping, mixing or cleaning released large amounts of gases, 
particularly H2s which sometimes appeared in lethal concentrations in 
slotted floor swine confinement buildings, Skarp (41) . Furthermore, 
Skarp (4l) found systems in swine confinement buildings using sluice 
gates and/or circuit flushing had H2s concentrations above the manure 
channels sometimes exceeding the lethal level of 800 ppm . Also, air 
currents from the fresh air inlets often carry H
2
S from the manure chan­
nel into the breathing zone . The highest concentrations of H2s in swine 
housing using mechanical scrapers and liquid manure, about 3 ppm, was 
measured at a height of about 10 cm (4 inches) above the slatted floor 
during sununer storage. Avery, Merva, and Gerrish (3) indicated that the 
production of hydrogen sulfide highly correlated with the following 
parameters in finishing confinement houses: (l) average outside air 
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temperature, (2) ratio of pit area to building volume, (3) air retention 
time for the building, and (4). daily sulfur intake of the swine. Skarp 
(4.l). observed in swine housing containing liquid manure, that cH4 was 
very seldom present, with the highest level measured at 30 ppm. Also, 
the concentrations of co2 varied between 800 and 2000 ppm, according to 
the ventilation capacity. Furthermore, NH3 varied widely with the 
values ranging from a few ppm to a maximum of 30 ppm. Taiganides and 
White (44) showed that up to 40 percent of the total gases rising from 
beneath the slatted floors was co2. 
Odor is a difficult environmental problem associated.with livestock 
operations, especially in confinement operations. Swine odors are cur­
rently assessed as complex mixtures of amines, whose odor resembles that 
of ammonia, and sulfur-containing compounds characterized as hydrogen 
sulfide or decomposing sewage odor, Merkel, Hazen, and Miner (27) .· 
Harmon, Dale, and Jones (2l) indicated that climatic factors such as 
temperature and moisture content affect odor emissions, while wind veloc­
ity, atmospheric stability and relative humidity influence odorant trans­
port . Miner (29) indicated that in order to avoid odor complaints and 
to minimize the escape of potential water pollutants to the air, live­
stock producers are faced with the need to control the evolution of 
organic compounds from manure treatment processes. Most quantitative 
measurements of odorant concentrations obtained from livestock produc­
tion enterprises are below the threshold according to the American 
Conference of Governmental Industrial Hygienists, Miner (29) . Short term 
chemical treatments, with swine manure contents of -1 to 2 percent solids, 
had no significant affect on the NH3 concentration, Cole et al. ( 5) . 
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However, NaN03 changed the odor in simulated swine manure pits when 
active denitrification was occurring but did not reduce total odor 
strength.. Cole et al. (5 } found no effective improvement in odor, sul­
fide or ammonia levels from the use of dried enzymes, dried bacterial 
preparation of disinfecting and emulsifying compounds containing 
orthodichlorobenzene. Cole et al. (6) stated that short term control 
experiments. indicated that hydr_ogen peroxide, sodium hypochlorite, 
chlorine dioxide and potassium permanganate dosed at 5 00 ppm greatly 
reduced sulfide and odor level in liquid swine manure. However, long 
term control experiments with swine manure showed that dried enzymes, 
dried ·bacteria, and orthodichlorobenzene were not effective for reducing 
odor or sulfide levels. Reddell and Sweeten (37) indicated that methods 
of measuring odor are needed to (l) evaluate parameters affecting odor 
production, (2} determine effective livestock management systems which 
will reduce labor, and (3) evaluate chemical and biological treatment 
systems for odor reduction. 
Bundy and Hazen (4) found that swine confinement houses contain 
large quantities of dust, and 9 5  percent of the dust has particle sizes 
damaging to hog lungs. Furthermore, dust contributes to increased 
respiratory disorders in animals and laborers and to transport odors. 
Curtis et al. (7) also reported that confinement houses usually contain 
higher amounts of aerial levels of bacterial-colony-forming particles in 
lung-depositable size ranges. 
Problems associated with feeding swine in a confinement
 environment 
consists of three major areas, Merkel, Hazen, and Mine
r (27) i (l) odor 
control for the producer and neighbors, (2) possibl
e toxic effects of 
10 
the individual gas and gas combinations on the animal or manager, and 
(3) potential damage to the structural components of building and equip­
ment. Ammonia, hydrogen sulfide, and h:og-house dust at levels as high 
as or higher than those normally encountered in enclosed swine-finishing 
houses had little effect on growth performance of otherwise healthy pigs 
under the experimental conditions applied by Curtis et al. (8 ) .  
Stombaugh, Teague, and Roller (.43} found that ammonia concentration had 
a significant adverse effect upon feed consumption and average daily 
gain and a significant deleterious effect upon feed efficiency. Ammonia 
concentrations of lOO to 200 ppm cause swine to lose appetites, to 
sneeze, and to salivate according to Driggers (l3). Also, studies by 
Doig and Willoughby (10) showed that swine weight decreases when exposed 
to .lOO ppm of NH3• Doig and Willoughby (10) observed chronic coughing, 
lowered weight gains, and increased incidence of enzootic pneumonia when 
high amounts of NH
3 
and dust were present. Furthermore, Taiganides and 
White (44) observed that once swine were exposed to H 2S , susceptibility 
to pneumonia and other respiratory diseases increased. 
Manure Pit Ventilation System Design 
Pit ventilation systems for swine confinement housing have not yet 
reached optimal operating performance. Swine producers are concerned 
about gases and odors produced in liquid manure storage pits in enclosed 
buildings with partially slotted floors, Ross et al. (38). Driggers (12) 
stated that odors are a serious obstacle to the acceptance of totally 
enclosed swine buildings, but can be eliminated with proper ventilation. 
Driggers {ll) says research and experience show that.temperature and 
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moisture conditions can be controlled with an under-slat pit ventilation 
system. The following factors should be considered in the design of 
winter ventilation systems where the air is continuously exhausted from 
underneath the slats: (l) providing fresh air for the pigs, (2) picking 
up moisture from the floor, and (3) exhausting gas and.odors from the 
building before it appreciably enters the animal atmosphere above the 
slats, Dri_ggers (l2}. Ventilation air requirements for minimum cold 
weather capacity is frequently accomplished by operating fans intermit­
tently. However, this creates a problem in winter because, when the 
fans are not operating, air moves upward through intakes and the vapor 
condenses and f·reezes and clogs the inlets, Lubinus and Teter (26). 
Therefore, Lubinus and Teter (26) recommend a small continuously oper­
ating fan drawing minimum airflow rate (from the manure storage pits in 
slotted floor buildings) to avoid the problem of intermittent operation. 
A variable speed fan must be used to provide continuous ventilation from 
the minimum to the normal winter rate under varying outside environmental 
conditions, Driggers (11) . Ventilation air should be forced to pass 
down through the slots of the slatted floor and then be exhausted from 
the liquid manure pit. Drafts over slotted floors must be kept to a 
minimum. Therefore, a minimum airflow rate for a pit ventilation system 
must be used, Keller and Day (23). 
Water vapor produced by swine in a slotted-floor house that must be 
removed by ventilation (manure pits) is 42 percent as much as that in a 
concrete floored house stated Harmon, Dale, and Jones (2l). However, 
Driggers (ii) observed that air £lowing over the floor and through the 
slots into the pits resulted in a dry floor. According to Ross et al. 
(38) , there appears to be a minimum airflow necessary to prevent pit 
odors from entering the occupied zone. However, this has not been 
determined. 
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Driggers (J.21 stated several requirements for a ventila tion system 
to uniformly ·exhaust air from a liquid manure storage pit: (l) an air 
inlet to distribute the incoming air , (2} a duct of proper size alongside 
the manure pit, (3) correctly sized small openings uniformly spaced con­
necting the pit and duc t, and (4) a variable speed fan at one or both 
ends of the duct. Ross et al. (38) recommended that one method for 
removing gases from a manure storage pit is to· exhaust air through the 
pit to the outside of the building. Furthermore , using continuous venti­
lation in the system should prevent pit gases from moving into the animal 
occupied area of the building. Therefore, a system in which all ventila­
tion air must be exhausted through the-pits is more e asily designed than 
one that exhausts only part of the air required, Ross et al. (38). 
Pit ventilation systems have problems with equal distri buti on of 
air intake , Keller and Day (23) . Equal air distribution can be achieved 
by determining the minimum ventilation rate for a swine building and 
then designing a proper duct system, Keller and Day (23). A pi t venti­
lation system needs to be designed with an exhaust duct installed under 
the slats or along the pit wall with openings spaced in the duct to 
obtain uniform wi thdrawal of odors and gases for the full length of the 
pits, Lubinus and Teter (26) . Furthermore, if the exhaust is not dis­
tributed the full length of the pit, air turbulence is liable to incre ase 
the odors within the confinement house. A duct locate
d outside a 
building or an isleway duct loc ated in the center o
f a building, 
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achieved optimum results when the manure pit level was 0.6l or 0. 91 
meters t2 or 3 feet) below the slats, Keller and Day (23) . Salvik (39) 
reported that a capaci.ty of 6. 4 m3/roin (21 cfm) per pig completely pre­
vented �S from coming up thro
.
ugh the slatted floor while the manure 
channel was being emptied. Muehling (3.1} studied different pit ventila­
tion systems and obtained air velocities that were lower at the ends of 
the bui.lding as contrasted with air velocities alo
.
ng the length of the 
building. 
Keller and Day (23) found that by considering the slotted floor as 
a perforated duct, one can calculate the percent open area in the duct 
wall� However, as the percent of duct area increases, the performance 
of the system decreases. Furthermore, when using perforated ducts for 
air movement, it is necessary to have uniform intake or discharge along 
the length of the duct. The distribution of air intake does vary from 
fan end to dead end, Keller and Day (23). Therefore, proper spacing of 
the uniform openings must be obtained to balance the intake of air. 
Muehling (3i) states that most installations for connections between pit 
and duct are made with uniform hole size and spacing along the full 
length of the duct pipe. Properly sized and spaced openings from the 
pit to the duct allows the air to flow uniformly from the pit into the 
duct, Driggers (l2). However, the size is determined by allowing an 
average air velocity of 242.4 .m/min (800 fpm) through each opening, 
Driggers (.l2). Muehling (Ji) recommends that the velocity through the 
duct holes should be at least 197 to 227 m/min (650 to 750 fpm) but not 
exceeding 303 m/min (lOOO fpm}. The total area of the inlet holes 
should be approximately equal to the main duct cross section, 
327575 
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Muehling (3i). Furthermore , the maximum hole size should not exceed 
l/25 of the duct cros.s. s.ectional area. Driggers tlJ.) reconunends l25 
square centimeters {_20 in21 for each 3 m3/min (.100 cfm) of air moved 
from pit to air duct • 
.Model Ventilation Studies 
The principles of similitude and dimensional analysis have been 
used extensively in many areas of scientific research and analysis. 
Model stud ie s  of various ventilation systems are advantageous when a 
prototype is expensive and unwieldly. 
Simulation techniques will continue to be successfully applied in 
research , designing , and analysis, Young (47) . Scale model operating 
characteristics have shown prediction of corresponding prototype 
operating behavior, Young (47). 
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Dimensional analysis and principles of similitude were employed by 
Smith and Hazen (42) to study airflow characteristics of a slotted 
ventilation inle t in models. Models effectively described the velocity 
distribution , the shape and rate of spread of the jet , and the jet curva­
ture for a specific inlet configuration. Therefore , models of air inlets 
successfully predicted prototype airflow characteristics. According to 
Pattie and Milne (34) ventilation airflow is governed by viscous effects. 
Consequently , air veloci ti es in the model can be increased as the scale 
is reduced ,  thus simplifying airflow velocity and direction measurements. 
P attie and Milne (34) studied airflow patterns and velocity distribution 
in a one-tenth scale model of a 12.2-by-73.2-meter 
(40-by-240 foot) 
broiler house. Airflow patterns and relative vel
ocities were essentially 
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equivalent in the model and prototype . Dynamical simi lar ity of model to 
prototype required the model air velocity to be ten t imes the prototype 
air velocity to s atis fy the Reynolds Number design criter i a . Further 
examination at model Reynolds Nwnber o f  0. 20, 0. 65 , and 0 . 9i of proto-
type Reyno lds Number showed no signi fic ant change in air flow pattern or 
relative velocity distribution .
· 
Therefore , ventilation inlet configura-
tion govern s the venti l ation airflow p attern and ve loc i ty distr ibution , 
P attie and Milne (34). Wilson and Bishop (45) indic ated that hi gh inlet 
veloci ties , 2 0 l . 2 m/min (.660 fpm) in compari son to 131.i m/min ( 440 fpm) , 
showed little air di.stribution improvement fo r a given fan and inlet 
arrangement in a one-thirteenth size , p lexi gl ass model of a broiler 
house . A model study o f  nonisotherma l jet veloc i ties and temperature 
profiles by Wi lson , Esmay , and Persson (46) determined that buoyancy 
force e ffect s  were found to be negligible at veloc ities above 243.8 m/min 
(800 fpm) and temperature differences of lOC (50F) or less . However , 
buoyancy effects were noted below 243 . 8 m/min (800 fpm) with equivalent 
temperature dif ferences . Albright (1) conc luded tha t for mos t venti la-
tion app l i c ation s , the momentum of air blowing through a slotted inlet 
wi l l  be suf ficient ly large to overcome and obscure buoyancy e f fec ts due 
to nonisothermal flow .  
S chulte , Deshazer ,  and Ifeadi (40) invest igated the effec t  of 
slotted floors on air flow charac teri sti cs in a one-twelfth scale model 
of a swine confinement unit . According to Schulte , Deshazer , and Ifeadi 
(40), gases and odors may be drawn or forced from 
the manure pit into 
th · as a resul t of above-floor air inlets and e �ivestock environment 
Furthermore , mean turb_
ulent intensi ties exhaus t  vent i lation system. 
increased at the swine level wi th increase in pit depth , Schulte , 
Deshazer, and Ife adi (40). Overall , the depth of pit (in terms of 
manure storage) may cause significant differences in the mean airflow 
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velocities above slotted floors , especially when an above floor baffled , 
slot-inlet , exhaust ventilation system is employed. However, Schulte , 
Deshazer , and Ifeadi (40} concluded that an e qual number of air changes 
could be noted in the model and prototype. Also , a model study by 
Fritschen , Underdahl, and Deshazer {18) found tha t  the presence of a 
slatted floor with varying pit depth affected airflow patterns signifi-
cantly for certain ai� inlet se ttings . 
Pohl and Hellickson (351  stud ied ventilation characteristics of five 
under-slat ventilation systems in a one-twelfth scale model of a 7. 3-by 
27. 4-meter (24-by 90-foot)swine confinement finishing building. No 
significant differences were noted at the pit or swine levels for vela-
city means as influenced by ceiling baffle location. However , signifi-
cant differences were noted between the interaction of ventilation system 
and baffle position at the swine level based on data obtained from the 
right and left sides of the model . Furthermore , the center-baffled 
ceiling inlet generally displayed more uniform air distribution in the 
swine and pit areas. 
Pit ventilation system design has a significant �ffe:_��_,,on average 
airflow veloci ties taken 6.4 centimeters (2 . 5  in) from the right and 
left walls at the front , center , and rear locat ions of the pit according 
to Pohl and Hellickson (3 5) . Also , air velocities , for all systems, were 
1 d f the b ·1di"ng as contrasted w
ith air velociti es along ower at the en s o ui 
the length of the building. 
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Pohl and Helli.ckson (35) concluded that pit ventilation system 
geometry has no significant effect on average airflow velocities above 
the slatted floor. Overall, analysis of the velocity means at both pit 
and swine levels indicate the location of the baffled ceiling inlet 
influences. the amount of airflow along the walls above the slatted floor. 
DETERMINATION OF PERTINENT VARIABLES 
The purpose of this study was to determine and c ompare building 
geometry and liquid manure pit level effects on ventilation chara cter-
istics in a swine finishing building. A model study was conducted in 
order to improve control of experimental variables and to c ir cumvent 
economical constraints. Princ iples of similitude and dimensional analy-
sis were utilized in design of a model and conducting the experiment . 
Fluid properties affect the airflow rate , airflow distribution, and 
airflow patterns of under-slat ventilation systems. The airflow is 
governed by inertia forces , viscous forc es , gravitional forces , buoyancy 
forces and geometric relationships. Assuming similar controlling 
fac tors for ventilation charac teristics in the model and prototype and 
using results of previous under-slat ventilation researc h in model swine 
buildings , a list of pertinent variables was determined (Table 1) and 
these vari ables were represented using the basic dimensions of mass (M) , 
length (L) , time (T) , and terope�ature (8). 
The dependent variables, may be expressed as a function of the 
independent variables, V = F (1, w ,  1\>' he' wp' O ,  DP , B ,  r, Ti , T0 , g ,  
P µ C K H )  Applyl.·ng the Buckingham Pi Theorem (33), a set of 14 I I I I • 
(18 variables minus the 4 basic dimensions) independent and dimensionless 
pi terms (Table 2) were derived. The relationsh ip among the pi terms 
. 
can be expressed as (pvµop\ _ (�' he , �, wp , Dp , �, O, r' Ti' V2, Hl' ) - F 1 1 1 1 l l T0 gl K 
cµ , Equation 1 
K 
TABLE 1 
VARIABLES AFFECTING PIT VENTILATION CHARACTERISTICS 
Variable 
No. 
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Symbol 
1 
w 
h 
c 
h 
p 
w 
p 
0 
D 
p 
B 
r 
T. 
1. 
T 0 
v 
g 
p 
µ 
c 
K 
H 
Description 
Bui lding Length 
Bui lding Width 
Cei ling Height 
Pit Depth 
P it Width 
Percent Slat Opening 
Duct P ipe Diameter 
Baffle Slot Width 
Roughness Factor of Vent P ipe 
Ins ide Air Temperature 
Outs ide Air Temperature 
Velocity of Air 
Acceleration of Gravity 
Air Dens ity 
Dynamic Visco s ity of Inside Air 
Outs ide Air Specific Heat 
Outs ide Air Thermal Conductivity 
overal l  Heat Transfer Coefficient 
Dimens ional 
Symbo l
* 
L 
L 
L 
L 
L 
L 
L 
e 
e 
LT-
l 
LT-
2 
ML
-3 
-1 -1 ML T 
L
2
T
-2
8
- l 
MLT
-3
8-
l 
MT-
3
8-
l 
* 
M, L, T. and 8 are the basic dimens ions of mas s, length, 
time, and temperature, respectively. 
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Pi Term No . 
1 .  
2 .  
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13 . 
14. 
TABLE 2 
LIST OF PI TERMS 
Dependent Pi Terms 
Il
l 
= pVDP/µ 
Independent Pi Terms 
II
2 
w/l 
II
3 
h /1 
c 
II4 h /1 p 
ITS = w /1 p 
II
6 
D /1 
p 
II7 - B/l 
II
8 
= 0 
rr
9 
= r 
II
lO 
rr
11 
II
12 
II
13 
= 
II14 
T./T 
l 0 
v2/gl 
Hl/K 
cµ/K 
v2/cT0 
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Description 
Duct Pipe Reynolds 
Number , Re 
Building Geometry 
Froude Number, Fr 
Nus selt Number, Nu 
Prandtl Number, Pr 
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Conventional Pi terms were developed whenever practical and appro-
priate. These Pi terms included the Reynold's Number, a ratio of inertia 
forces to viscous forces, the Froude Number, a ratio of inertia forces 
to gravitional forces, the Nusselt Number, a dimensionless equivalent 
magnitude of the heat-transfer coefficient, and the Prandtl Number, a 
ratio expressing the relative magnitudes of diffusion of momentum and 
heat in the fluid. The Grashof Number, a ratio of b ouyancy forces to 
viscous forces, was excluded because according to Dybwad et al. (14), 
Froehlich, Hellickson, and Young (l9), and Egan and Hellickson (15) the 
Grashof Ntunber did not significantly affect the ridge vent outlet velo-
city in open-front model beef buildings. 
Since Equation l is expressed in. general terms, it can be applied 
to any other system governed by equivalent parameters. Therefore, these 
equations can also represent a model s.-ystern: (p vnp\ = F (:, he, hp, wp, µ /m \i 1 1 1 
Dp, B, o, r, Ti, v
2, Hl, cµ, v2� 
1 1 T0 gl K K cT0 m 
{subscript m refers to the model). 
Murphy's (33) theory of models states that Ill
= Illm' provided the 
respective independent and dimensionless Pi terms for the model· and 
prototype are equivalent. Therefore, the design conditions (Table 3) 
must be satisfied to insure accurate prediction of conditions between 
the model and prototype. 
Design condition 1, the dependent Pi term, determines the duct vent 
pipe, airflow velocity scale, y__ = _!, between the model and prototype. 
Vm n 
However, the airflow velocity scale can also be obtained from design 
condition ll, y__ = n� with the assumption of equivalent acceleration of 
Vm 
2 2  
TABLE 3 
DESIGN CONDITIONS 
No . Basic Equation Design Condition 
1 .  (p:pt= pVD v 1 vm nV __ P - or v n µ m 
2 .  (I)m w w - = n 1 Wm 
3. Cc1m h h c c -- = n 1 h cm 
4. (:P)m h h -1: _E_ = n 1 h pm 
5 .  ( :Pjm w w -1: _E_ = n 1 w pm 
6. 
(:Pjm 
= D D -1: _p_ = n 1 D pm 
7. ( i) m B B - - = n 1 B m 
8. 0 0 0 0 m m 
9. = r r = r r m rn 
2 3 
TABLE 3 ( CONTINUED ) 
No . Basic Equation Design Condition 
10 . 
( :�)m 
T .  T .  = T T .  .l. irn om 1 
T T 0 0 
11 . 
( �:)
m 
v
2 
v n� or v - -· = v gl v rn � rn n 
12 . 
( �
l
)m 
Hl H 1 - or H = nH 
K H n rn rn 
13 . ( �µ )m c = c c µ rn K 
14 . 
(��;)m 
v2 Torn 'l'o v
2rn 
cT0 v2 
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gravity in the model and prototype . Pohl and Hel lickson ( 3 5 )  concluded 
that Reynolds Number accounted for more of the variability airflow rates 
than did the Froude Number for a similar study of under- slat ventilation 
systems . Des ign conditions 2 through 7 ( Table 3 )  require geometric 
similarity of dimensions between the model and prototype with n = 1/1 m 
being the geometric length scale . The percent slat opening and the 
roughness factor of the under-slat ventilators , des ign conditions 8 and 
9 ,  respectively , wil l be equal in the model and prototype . Design 
condition 1 0  e stablishes the ratio between inside and outside air 
temperatures .  Design conditions 1 2  and 1 3  indicate the ratio of fluid 
properties and are satisfied by using equivalent fluids in the model and 
prototype . Design condition 1 4  establishes a ratio between the velocity 
and outside air temperature . 
RESEARCH PROCEDURE 
A swin e  fini shing building (Figures .l and 2 )  , 7 . 3-by 2 7 . 4-me te rs 
(2 4-by 90-feet } , located on the South Dakota S tate Unive r s i ty Swine 
Resear ch. Farm was selected as the prototype for thi s  study . The proto­
type was represented using a one - twe lfth s i ze s c a l e  mode l .  The construc­
tion of the mode l (F igur e s  3 and 4 ) is based on a geometric l ength scale 
of l2 whi ch incorporates de sign conditions 2 through 8 ( Tab l e  3) . 
The mode l  was constructed of plexiglas s for the purpose o f  vi sual 
obs ervation of airf low patte rns and ease in s ea l ing the manure pit 
storage sec t ion in order to acconunodate a l iquid . The roof , c e i ling , 
and ends of the bui lding were cons truc ted wi th 0 . 32 cm ( 1/8 in)  pl exi­
glas s . The s id e s  and floor were construc ted wi th 0 . 48 cm ( 3/16 i n )  and 
0 . 64 cm ( 1/4 in)  plexiglas s ,  respectively . The s latted f loor wa s con­
s tructed with 0 . 3 2 cm (l/8 in ) plexi glas s with 0 . 2 1 cm ( 1/ 12 i n )  s lats . 
Ventil ation air e ntered the bui lding through ridge venti lator intakes ,  
flowed into the attic and entered the swine environment through a 
center-b af f le , 0 . 8 5 cm ( 1/ 3  in ) ceil ing inlet and was exhausted be low 
the s la tted fl oor s . The supp lemental and animal he at produc t ion we re 
simulated by generating 4 2 5  watts ( l450 Btu/hr ) of heat in the model . 
The quanti ty o f  heat i s  bas ed on previous research with sca le mode l , 
open front bee f  confinement bui ldings and simulated animal
 heat produc­
tion in the bui ldings by Egan and Hel lickson (lS) and Koenig and 
Hel lickson ( 2 4 } .  water was uti li zed to s imulate th
e l iquid manure in 
the manur e s torage p it .  
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Two types of manure pit ventilation systems were employed in the 
model . The pit ventilation systems were constructed of plexiglass , 
plexiglass and glass tubing , and PVC ( Poly-Vinyl-Chloride) pipe . The 
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ventilation systems were reduced according to design conditions 4 , 5 ,  6 ,  
and 9 . The relative location of the systems in the model are illustrated 
in Figure 5 .  Figures 6 and 7 present end views of the manure pit venti-
lation systems with detailed illustrations and relevant dimensions . 
The first system (Figure 6 ) , a center duct pit ventilation , utilizes 
two 3 . 18 cm ( 1  1/4 in ) inside diameter ( I . D .· ) PVC pipes for ventilation . 
Each duct extends the full length of the model bui lding with 22 , 0 . 64 cm 
( 1/4 in ) inside diameter plexiglass tubes that were secured to the inside 
vertical wall of the manure pit and the PVC pipe and spaced uniformly 
along the side of the duct . The second system (Figure 7) i s an outside-
wall duct ventilator . The system consists of two 3 . 18 cm ( 1 1/4 in) 
inside diameter PVC pipes which are located below slat level on the out-
side of the model building ' s  side walls . Glass tubes with a 0 . 64 cm 
0 ( 1/4 in ) inside diameter and a 90 elbow , connect the duct to the side-
wall at 22 uniformly spaced locations along the full le_ngth of the model 
building . 
The Midwest Plan Service ( 28 ) recommends an airflow volume of 
0 . 28 m3/min ( 10 cfm) per 68 . 1-to 95 . 3-kg ( 150-to 2 10-lb ) hog in the 
prototype swine confinement unit for minimum continuous winter · operation .  
Adequate ventilation for the prototype , with a capacity of 192 hogs , 
requires that the total air volume be 54 . 4 m
3/min ( 192 0 cfm) . The design 
airflow for the model can be determined by design conditions 1 or 11 . 
c=::::::J 
s
l 
Figure 5 .  Location of De tail Se c tions o f  the Manure P i t  Ven t i lation 
Sys tems . ( Note F i gure s 6 and 7 . ) 
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However ,  previ ous research supports (Reynolds Number ) des i gn condition 1 .  
Uti l i z i ng the c ontinuity equation Q = VA , the model ' s  vo lume a ir f low rate 
(Qm). is equivalent to the vo lume air f low rate of the prototype (Qp ) 
divided by the
_ 
geometric length sc ale ( n ) , Qm = Qp
/n. There fore , Qm 
54 . 4  rn3/min/l2 4 . 5  m3/rnin ll60 c fm) . 
The Mi dwest P lan Service (28 ) recommends an init i a l  a i r  inlet 
veloc ity o f  approximately l82. 9 rn/min (600 fpm )  i n  the p rototype swine 
con finement unit. The velocity sc ale inc reases the a i r fl ow rate n times 
to attain an equivalent of 2l95 m/min (7200 fpm) in the model . A centri-
fugal f an which was mounted at the end ( front ) o f  the model bui ldi ng 
provided the nec es s ary airflow for each sy stem. 
All experiments were conducted in a laboratory o f  the Agricultural 
Engineering Bui lding at South Dakota State Univers ity. Air flow patterns 
and velocit i e s were observed and rec orded , at two leve l s  ( swi ne and pit) , 
five posi tions along the length o f  the model , with 5 point s  at t he swi ne 
level , and 4 po ints at the pit level , across the model ( F i gures 8 and 9 ) . 
A hot wire anemometer was employed to measure airf low velocit ies 
( Appendi x B ) . Titanium tetrachloride wa s uti l i zed to detec t the direc-
tion o f  air movement. The experiments were per formed with the water 
level ( s imulated liquid manure level ) , in the l i quid manure storage pit , 
he ld a t  three depths , empty , one-third , and two-third s .  Also , full s lat 
and hal f  s lat floor configur ations over the manure p it storage area were 
emp loyed in the experiments. The temperatures o f  i nlet and exhaust 
ventilation air were measured fo r each trial. 
Ana ly s i s  of variance were used to determine if p
it venti l ation 
system design , percent slat opening , manure p it 
leve l , pos ition ,  and 
.. 
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distance within the building had s ignificant e ffe c t s  on ve lociti e s . 
Ve locities were compared fo r s i gni ficant interaction a s soc iations through­
out the model bui lding . Tukey ' s  procedure wa s used for comparing all 
veloc ity mean s . 
RESULTS AND DISCUSSION 
The results of this research study focus on airflow movement 
utilizing air velocity and distribution as descriptive and illustrative 
parameters .  Therefore , the results will be presented under the fol-
lowing general categories : (1 ) Air Velocities , ( 2 ) Airflow Patterns , 
and ( 3 ) Comprehensive Ventilation Performance . 
Air Velocities 
The center duct pit ventilation system average air velocities are 
significantly higher than the �utside-wall duct pit ventilation system 
average air velocities at the pit level (Appendix C ,  Table 13C) . The 
average air velocity meaps are 8 . 8  m/min ( 2 8 . 8  fpm) and 3 . 3 m/min 
( 10 . 9 fpm) for the center duct ventilator ( s1) and the outside-wall 
duct ventilator cs 2 ) ,  respectively . Significantly higher air 
velocities were found in the front portion (P1 and P2 , Figure 8 )  as 
compared to the center (P3 ) and rear portion (P4 and P 5 ) of the model , 
at the pit level (Appendix c, Table 13C ) . The velocity means ranged 
from 3 . 0 m/min ( 9 . 9  fpm) at the center to 9 . 3 m/min ( 30 . 6 fpm) near the 
front of the model , Table 4 .  Furthermore , with the exhaust fan 
located at the front of the model ,  a pressure differential in the 
duct pipe could create higher velocities in the front of the model . 
The inside pit walls had significantly lower air velocities as 
compared to the outside pit walls {Appendix C , Table 13C ) .  At 2 . 0  
inches from the outside pit walls (D1 and D4 1 Figure 9 )  the velocity 
means are considerably higher , 11 . 4  m/min ( 37 . 4 fpm) and 10 . 3 m/min 
( 33 . 7 fpm) , as compared to the inside pit walls (D2 and o3 , Figure 9 )  
with 1 . 4 m/min ( 4 . 6  fpm) and 1 . 2  rn/min ( 3. 8  fpm) , respectively 
(Table 5 ) . This behavior is believed to be due to increased airflow 
movement directed by the center ceiling baffle along the outside walls 
of the swine confinement area . 
Source 
Position 
5% Level 
Source 
Distance 
5% Leve l 
TABLE 4 
COMPARISONS OF AVERAGE VELOCITY MEANS 
AT PIT LEVEL , TUKEY ' S  PROCEDURE 
Identification 
P5 
15 . 0  
TABLE 5 
COMPARISONS OF AVERAGE VELOCITY MEANS 
AT PIT LEVEL , TUKEY ' S  PROCEDURE 
Identific ation 
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No s i gni ficant d i f ference s were noted for aver age air ve locities 
between hal f (01 ) and full ( 02 ) s lat openings and among the three pit 
water leve l s  Cw1 , w2 , w3) at the pit level ( Appendix C ,  Table 1 3C ) . 
The veloci ty me ans for the half and full s lat openings were 6 . 2  and 
6 . 0 m/rnin ( 2 0 . 2 and 19 . 5  fpm) , respectively . Furthermore , the pit 
water leve l ve locity me ans only ranged from 5 . 7  to 6 . 8 m/mi n  (18 . 3 to 
2 2 . l fpm) . 
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The average air ve loci ties are s igni fi can tly lower for the outs ide­
wal l  duct venti lator as compared to the cente r  duct vent i lator at the 
simulated level o f  swine occupation (Appendix c ,  Table 14C) .  The 
outside-wal l  duct venti l ator and the cente r duc t venti lator veloc ity 
me ans were 16 . 6 m/min ( 5.4 . 3 fpm) and 27.  7 m/min ( 9 1 .  0 fpm) , respe ctively . 
Ave rage ai r ve locit ie s for the le ft and right wa l l s  as compared to 
the center o f  the mode l we re signi ficantly higher at the swine leve l 
(Appendix c ,  Tab le 14C ) . Velocity me ans range from a minimum o f  12. 9 
m/min ( 4 2 . 4 fpm) at the center (D3 ) to a maximum o f  2 8 . 6  m/rni n 
( 9 3 . 8 fpm) at the right wa ll ( D5 ) of the mode l ( Table 6 ) . S imi lar 
ve loc i ty mean pattern s  were noted previous ly , in the pit are a ,  due to 
air movement c aus ed by the center cei ling ba ffle . The position ( front 
to b ack ) in the mode l caused s igni ficant higher average air ve locities 
at the center a s  comp ared to the front and rear of the model at the 
swine leve l ( Appendix c ,  Tab le 14C) . Min imum and maximum veloc i ty 
me ans are 2 0 . 9  m/mi n ( 68 . 6 fpm) at the front ( P
1
) and 2 2 . 8  m/min 
( 74 .  9 fpm) ne ar the front (P
2
) o f  the mode l ( Table 7). � No de f inite 
ve locity di s tribution p attern i s  establi shed due to the pos ition at 
the swine leve l . 
Sour ce 
Di stance 
5% Leve l 
Sour ce 
Position 
5 %  Leve l 
TABLE 6 
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S igni fican t  differenc e s  (Appendix C ,  Tab le 14C )  were noted due to 
percent s lat op en ing . However ,  signif i cant interaction s betwe en systems 
and percent s l at openings were also noted , Tab l e  .1 1 . Cons equently , it 
is important to cons ider both sys tem and percent s l at open ing in 
evaluating average air ve loc ity at swine leve l .  The ve locity means for 
the hal f and full s lat openings were 21 . 1 m/min ( 6 9 . 2 fpm)  and 2 3 . 2 m/min 
( 7 6 . 1 fpm) , r e spe ctive ly . No s igni ficant e ffects we re found as produced 
by di fferent p it water l eve l s  on ave rage air velocities at the swine 
leve l  (Appendix C ,  Tab le 14C ) becuase of the small d i fferenc e s  between 
velocity me ans which ranged from 2 2 . 0  to 2 2 . 3 m/min ( 7 2 . 2  to 7 3 . 3 fpm) . 
Average air veloc ity data for the system by per cen t  s l at opening 
and the system by p i t  water level interaction e f fe ct s  are included in 
Appendix c ,  Table 13C . Even though no s igni f ic ant e f fe cts we re found , 
the outside-wall duct ventilato r ( s 2
) produced the l owe st ve locity me ans 
fo r both interactions . Percent s lat opening and p i t  water level showed 
no noteworthy trends at the pit leve l .  
The system by position interaction average air ve loci ty data were 
non- signi fi cant for the pit l eve l (Appendix C ,  Tab l e  13C) . Table 8 
indicates that the lower ve locity me ans are produced i n  the outside-wall 
duc t vent i lator and in the front of the model . Con s idering the system 
by di s tan ce interaction , significantly higher average air velo cities were 
noted for both sys tems at the outside p it wal l s  than at the ins ide pit 
walls (,Appendix c ,  Tabl e 13C ) . Min imum and maximum velocity means 
(Tab le 9 ) , 0 . 0 3 and is . 5  m/min ( 0 . 1  and 50 . 7  fpm ) , o ccurred at the 
ins ide pit wal l  using the outs ide-wall du ct venti lator ( S2 D3 ) and the 
out s ide p i t  wal l us ing the center duc t venti lator ( S 1D4 ) '  respectively . 
TABLE 8 
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The pos ition by distance interaction has significantly lower average air 
velocitie s at the rear inside pit wa ll as compared to the front outs ide 
pit wal l  (Appendix C ,  Table 13C ) . The ve locity means range from a low 
of 0 . 06 m/min (0 . 2  fpm) at the left rear , inside pit wall (P 5n2 ) to a 
high o f  l6 . 5 m/min ( 54 . 2  fpm) at the right front , outs ide pit wal l  
(P1D4 ) .  Thi s r e sult corresponds to a behavioral combination o f  the 
previous pos it ion and di s tance e ffects at the pit level . 
Average air velocity data for the percent s lat opening by distance 
and percent s lat opening by pit water leve l interaction e f fe cts are 
included in Appendix c ,  Table 13C . No signi ficant e ffects were found . 
Ve locity means for the percent s lat opening by pit water l eve l ranged 
from a low o f  5 . 5 m/min (l7 . 9  fpm) to a high of 6 . 8 m/min ( 2 2 . 4  fpm) . 
The percent s lat opening by distance interaction minimum and max�mum 
ve locity means are 0 . 7 to 12 . 6  m/min ( 2 . 2 to 4 1 . 4 fpm ) , respectively 
(Table 1 0 )  wi th the paramount e ffect being di stance . 
The sys tem by percent s lat opening interaction had s igni f icant ly 
lower average air velocities for the outside-wa l l  duct venti lator as 
compared to the c ente r  duct ven tila cor at swine l e ve l  ( Appendix C ,  
Table 14C ) . Ve locity means ranged from a minimum o f  1 6 . 0  m/min ( 52 . 6  
fpm) to a maximum o f  30 . 4  m/min ( 99 . 6 fpm) at the full s lat opening (02 ) 
us ing the outs ide-wall duct venti lator and the ful l  s lat opening (o2 ) 
us-ing the center duc t venti lator , respectively , Table 1 1 . The center duct 
ventilator had a s igni ficant difference in the veloc i ty mean for the half-
slat open ing ( S o1 ) as compared to the full s l at opening C S 102 ) .  1 -
Aver_age a irflow data for the sys tem by pit water level , sy stem by 
position , and sys tem by distance interaction e f fe cts were presented in 
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Appendix C ,  Tabl e  l4C .  Even though no s igni f icant e f fects were found , 
47 
there are several trends that should be d iscus se d . The veloc ity means , 
for the system by p it water level , ranged from a low o f  l6 . 3  m/min 
(_53 .  4 fpm) to a hi.gh of 3 0 . 4 m/min (9J. .  4 fprn) . 
The sy stem by position interaction produced a minimum and maximum 
ve locity mean s o f  l4 . 8  and 2 8 . 2  m/min ( 4 8 . 7 and 9 2 . 6 fpm) , respe ctively . 
In both interaction s , the outs ide-wall duct venti l ator had con siderab ly 
lowe r ve loci ty means than the center duct ventilator . Non s i gn i ficant 
effects on average air velo citie s were obtained for the system by 
di stance interact ion at the swine level (App endix C ,  Table 14C) . The 
velocity me ans of 3 3 . 5  and 34 . 0  m/min (J.10 . 0  and 111 . 6 fpm) were signi-
ficantly dif ferent from the ve locity mean s of 2 5 . 8 and 2 7 . 7 m/min ( 84 . 3 
and 90 . 7 fpm) whi l e  uti l i zing the center duct vent i lator , Table 12 . 
The sign i f icant di fference in velocity me ans ( Tabl e  12 ) ind i cate s 
that the air ve locity decreases from the ·outs ide wal l s  to the center of 
the model . However , for both sys tems the higher and lower ve locity 
me ans occur at the outs ide walls and center of the mode l ,  respec tive ly . 
The per cent s lat opening by dis tanc e and pos i tion by dis tan ce 
interactions average air veloc ity data ar e included in Appendix C ,  
Tab l e  14C. The minimum veloc ity mean , 9 . 7 m/min ( 31 . 8 fpm ) , oc curs at 
the center (_n
3
) of the model when uti l izing the hal f- s·lat opening Co1) 
and i s  signific antly di fferent from the remaining veloc ity me ans . 
Also , the four highe st velocity means whic h oc curred 2 inche s  from the 
out s ide wal ls lOiDi , oins , o2ol , and o2o5 ) were s ign if i cantly di f f
erent 
h .  h occurred 6 inche s from the out s i de wal l s from the velocity means w ic 
The se re sults indicate that the 
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lowe r and hi gher veloc itie s occur at the center and outside wall s  o f  the 
model . The so l i d  portion , of the hal f-s lat opening , could pos sibly 
reduc e the vertical air movement at the c enter o f  the mode l whi ch 
would create lower air ve locitie s at the swine leve l . 
S ign ificantly higher average air veloc itie s were produced at the 
front and out s ide wal l s  as compared to the rear and c enter o f  the model 
due to the posit ion by distance interaction at the swi n e  l evel (Appendix 
C ,  Table l4C ) . The ve locity me ans are significantly l owe r at the center 
in re lation to the outside walls of the model . The minimum and maximum 
veloci ty means were 9 . 4  and 32 . 6  m/min ( 30 . 9 and l06 . 8  fpm) , re spe c-
tively . The re sults indicate that the higher ve locities occur at the 
outs ide wal l s  of the mode l wi th no consis tent trends produc ed due to 
pos ition . 
S imi lar ve loc ity mean patterns were produced by both systems at the 
swine and p i t  l eve ls . The highe r veloc ities occurred at the outs ide 
walls and front of the model with the lower veloc itie s occurring at the 
inside pit wal l s , center , and rear of the model . However # the outside-
wal l  duct venti lator generated lowe r velocities cons i s tently throughout 
the mod e l  in contrast wi th those generat ed by the c enter duc t venti lator . 
I sa-velocity l ine s were utilized to further describe the airflow 
movement or distribution and he lped indic ate whi ch system , pit water 
level , and percent s lat opening exhibited the mos t  favorabl e air vela-
city dis tribution . Figures lO through l7 i l l us tra te the iso-ve loc ity 
l ine s for the swine and pit levels in the model . 
d t · 1 t y i' e lds a more un iform a
irflow di stribu-
The c enter uc t ven i_ a or 
t .  d f 11 1 t openi' ngs i' n contrast 
to the outs ide -wal l  ion a t  both hal f  a n  u s a 
5 1  
duct ventil ator a t  t he.  swine l evel for a l l  three p i t  wate r  level s 
(Figures iO , 12 , l4 , and i6) . However , the center duc t  ventilator 
produced hi gher velocitie s , which approximately range from a min imum of 
lO . 7 m/min (..35 fpm) to a maximum of 5 0 .  3 m/rnin ( 1 6 5  fprn) . Min imum and 
maximum velo citie s , for the out s ide-wa l l  duct ventilator , were 3 . 1 and 
33 . 5 m/rnin (lO and .l.10 fpm) , re spectively . The highe s t  velocities 
oc curred along the right and left wal l s  with the l ower ve loc ities 
oc curring near the center o f  the model .  The ful l s l at opening re sulted 
in s l i ghtly more un iform airflow distribut ion than did the half-s lat 
opening for the c enter duct venti lator . However , the ful l s l at opening 
caus ed higher ve locitie s  as compared to the hal f- s lat opening at the 
swine leve l . 
The outside-wall duct venti lat ion system produced a s lightly more 
uni form air f low dis tribution at the full s lat opening than at the half­
slat opening at the swine leve l ( Figure s 14 and 16 ) . Bo th openings have 
approximat e ly equival ent air veloci tie s that ranged from 3 to 3 5  m/min 
(lO to 1 15 fpm)  . 
P i t  water leve l  appears to have a smal l effect on ve loci t ies at the 
swine leve l . An empty p i t  water level , for the c enter duc t venti lator , 
generated quite uni form air ve loci ty patterns { F igure lOa) . A relat ive ly 
even veloc ity d i stribution was caused when us ing the out s ide-wall duc t 
ventilator with a ful l  sl at opening and a two-thirds p i t  water leve l 
(..Figure l6c ) . unequal a ir distribut ion was noted for a half- s lat 
open ing , for t he outside -wal l duct ventil ator at all three pit wa ter 
leve l s  (.Fi gure l4a , b ,  c ) . Ve locitie s  ranged from 3 5  m/min ( 115 fpm ) 
at the out s ide wal l  to 4 . 6 m/min ( 15 fpm) at the c enter of the model . 
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I sa-velocity l in e s  at the pit leve l for the outsi de-wall duc t 
vent ilator (F_igure i7 } indicate an evenly d istributed velocity pattern . 
Ve loci.ti.es ranged from approximately 2.1 .  3 m/min (7 0 fpm) along the out­
side p it wal l s  to 0 m/min (O fpm ) along the inside pit wal l s . Unequal 
air velocity dis tribution was produced by the c enter duct venti lator at 
the ful l  s la t  opening ( F
_
igure l3 ) . Velocit i e s tended to range from O at 
the inside p it wal l s  to 3 3 . 5  m/min (O to 110 fpm) at the outs ide p i t  
wal l s . The c en ter duct ventilator had highe r velocities than the 
out s ide-wall duct vent ilator at the pit l eve l . However , both sy stems 
follow a simi lar pattern with the higher ve locitie s o ccurring along the 
outs ide pit wall s  and the lower velocitie s taking p l ac e  at the in s i de 
pit wal l s . 
The p it water l eve l , Figures ll , l 3 , l5 , and 17 , had a small e f fect 
on air veloc i ty distribution . Air velocitie s were more uni form for the 
half- s lat opening as compared to the full slat opening fo r the c ent er 
duct venti lator at p i t
.
level (F igures 11 and 13 ) . The in s ide and out ­
s ide pit wal l s  we re the locations o f  the minimum and maximum velocities , 
0 and 3 5  m/min ( 0 and llS fpm) , respectively for the center duct venti­
lator . Air ve locity distribut ion , for the out s i de-wal l  duct venti lator , 
was quite similar for the hal f and full s lat op ening , F i gures 1 5  and 17 . 
Velocities tended to ran ge from a low , 0 m/min ( O  fpm) , t o  a high , 
2l . 3 m/min ( 70 fpm) , at the inside and out s ide pit wal ls , respec tively . 
overal l ,  for both systems. and both open ings and all l eve l s  inve s t i­
gate d , the air ve loci_tie s were higher along the side wal l s  than
 near the 
center of the mode l .  The center duct venti l ator with a hal
f- s l at 
open ing and an empty p it leve l  had the most uni for
m airflows relative to 
location throughout the mode l . Unequal airf low d is trib ut ion at the 
swine leve l was noted for the outside-wa l l  duc t venti l ator at all p i t  
water leve l s  with a hal f-slat opening . 
Airflow Patterns 
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Air f l ow pattern s were obta ined in order t o  i l l ustrate t h e  a i r  move­
ment in the mode l  building and to help de termine an opt imum pit ventila­
tion syst em design .  Horizontal or downward air movement , in the animal 
are a , is e s s ential to insure that gas e s  and odors are not introduced into 
the swine ' s  envi ronment from the manure pit . Theref ore , an important 
fac tor in achieving adequate venti lation is l ocating vert ical air move­
ment above the s l atted f loor . Mois ture and gas e s  are e ff e ct ively 
removed from the con finement bui lding i f  good mixi ng of o ut s i d e  and 
ins id e  ai r is achieved . The optimum l oc ation for verti c al air movement , 
to prevent pit gas e s  from r i s ing through the s latted floor , is above the 
solid floor at the c enter of the building . The air flow pattern s  above 
the s latted floor were simi lar for al l test condi tions ( Figures 18 , 19, 
2 0 , and 2 1 ) . Sys tem , pe rc ent slat op ening , and pit water level had no 
notic eab l e  e ffects on the airflow pattern s us ing the center c e i l ing 
baf f l e  air inle t . The venti lation air flowed inward and entered the 
baffle in let whi ch direc ted the air hori zontal ly a long the ce i l i ng , down 
the outs ide wal l , acro s s  the slatted f loor unt i l  it en countered airflow 
from the oppos i t e  s i de which produced ve rtical air movement . Airflow 
en tered the p it , along the outs ide wal l s , through the s l atted f l oor and 
decre ased in ve loc£ty as the dis tance from each out side wal l
 increased . 
Thi s  re su l t  corre sponds to highe r air velocit i e s  be ing 
generated along 
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the out s ide wal l s  and near the c enter o f  the mod e l . 
Proper airf low d istribution in the manure p it wi l l  he lp prohibit 
gase s  and odor s from coll ecting and pass ing up through the s latted floor 
into the swine ' s  environment . Air flow patterns in the p i t  for the 
cent er duct ventilator are i l lustrated in Figur e s  18 and 19 .  As the pit 
wat er leve l increased , the circul ar airflow pattern t ended to f latten 
out . The hal f - s lat opening (Figur e 18 ) had a tendency to c ause the air 
to c irculat e  under the solid portion of the f loor , e specia l ly at the two-
thi rds p i t  water leve l .  Air was no ticed risin g  from the inner section 
of the s l atted floor at the rear of the model . The c enter duct vent i-
lator ' s  ful l s lat opening had slightly more air passing through the 
s l atted floor as compared to the hal f-s lat opening . The outside-wall 
duc t venti lator ' s  ai rflow patterns ar e pre s ented in F igures 20 and 2 1 .  
The p i t  airflow patte rn i s  a c ircular form tha t f latt ens out when the 
pit water level increases . Al so , the air tends to c i rculate beneath the 
so lid por tion of the floor for the hal f-s lat opening , mainly at the two-
thirds pit water leve l ( Figure 2 0c ) . A large amount o f  air pas s e s  
vert ically through the in side of the slatted f loor at the full s lat 
opening in contrast with the half-slat opening . Furthermore , more air 
pas s e s  through the s l atted floor at the rear as compared to the front of 
the mode l  uti lizing the out side-wa ll duct ventil ator at both slat 
opening s .  
Both ventil ation systems have a wider airflow circu lation patt ern 
in the pit occurring at the ends as compar ed to the cen
ter of the model . 
C · f th t er and out s ide -wal l duct ve
n t i l ator systems showed omparison o e cen 
no di fference i n  airf low patterns above the
 s l atted floor . Also ,  each 
sys tem had a s light amount of air pas sing through the s lats at the end 
of the s lats toward the center of the bui lding . Thi s  effect was most 
noticeable near the rear o f  the model . 
Comprehens ive Venti l ation Performan ce 
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The re search results utili zed for the evaluati on o f  vent i l ation 
sy stem performance have been represented on an individual c riterion 
basis . However , the ventilation charac teristics for a syst em wil l 
in c lude both air velocity and airflow pattern factors . E s s ential char ac ­
teris tics for c orrect enginee ring des ign are pre sent when the complete 
unit evaluation i s  the bas is for individual venti lation pe rformance 
evaluation . Stre s s  i s  placed on the importance that the results 
presented are for a model and do inc lude limitations o f  no moi s ture 
produc tion and distortion as sociated with the heat produc ti on . Distor­
tion e f fe cts involving he at production can be further analyzed by 
app ly ing the Pi term functional relat ionship for the mode l  to the 
corresponding prototype . 
Table 14 i l lus trates the ranking o f  the fo l lowing venti l ation velo-
city parameters : air ve locities at the pit leve l , air velocities at the 
swine leve l , iso-ve loc ity lines at both leve l s , and vertic al ai r movement 
through the s latted floor . The center duc t and outs ide-wal l  duct venti­
lation system ' s  had adequate airflow movement .  Air f low patterns , at the 
swine leve l , were approximately equival ent for both sys t ems . Ve locity 
distribution above the s latted floor was more uni form using the center 
duc t  venti l ator than with the out side-wall duct ven ti lator . However , 
the center duct vent i lator had a highe r average ve loc ity me an . The pit 
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TABLE 14 
VENTILATION VELOCITY PERFORMANCE 
Velocities - Pit Level 
( fpm) 
� 2 S201 
s101 slo2 
4 12 . 4  28 . 0 2 9 . 6 
Velocities - Swine Level 
( fprn) 
S202 S201 � 8102 52 . 6 5 5 . 9  99 . 6  4 
Velocities - Swine Level (Water Level Effect ) 
( fpm) 
(empty) S202Wl s201w1 Sl02Wl 
4 9 . 6  5 7 . 2  102 . 1 
(one-third full ) S202W2 s201w2 s101w2 
52 . 8  54 . 7 8 2 . 7  
( two-thirds full ) S202W3 s2olw3 slolw3 
5 5 . 4  5 5 . 9  83 . 8  
2 
Vertical Air Movement 
~ 5201 
8102 8202 
2 3 4 
* 
Signifies the most favorable iso-velocity lin
e distribution . 
1 
Geometric symbol encloses the most favorable v
entilation perfor-
mance . 
2 
Ranking the amount of vertical air movemen
t passing through the 
slatted floor ( 1 - lowest amount) . 
air ve locity distribution ia more unifo:r:m in the outs ide-wal l  duct 
venti lator in contrast to the c enter duct ventilator . 
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P it water l evel has no apparent e ffect on airflow patterns and a 
smal l  effect on a ir velocity distribution at the swine level for both 
systems . Alao 1 only a small effect on the ve loc ity di.s tribution , in the 
pit area , was noted due to the pit water level for both sys tems . 
The ful l  s lat opening yielded a more uni form velocity distribution 
than the half s lat opening in the center duct vent i lato r . The outs ide­
wal l duct ventilator had a sl ightly more even velocity distr ibution at 
the ful l s l at than half s lat opening . The hal f  s lat opening showed a 
tendency to produ ce lower veloc ities in the pit with l e s s  air pass ing 
through the s latted floor into the confinement area as comp ared to the 
full s lat opening . 
Bas ed on the criteria selected for ventilation sys tem performance , 
the center duct venti lator with a hal f slat opening achieve s lightly 
mor e  favorable r es ults . 
CONCLUSI ONS 
The following conc lusions were indicated by this study : 
1 . The center duct venti lator system produced significantly higher 
average air velocitie s as compared to the outside-wa l l  duct 
ventilator system in the pit area . 
2 .  The outside-wall duct venti lator system generated signi ficantly 
lower average air veloci ties as compared to the center duct 
ventilator system at the swine leve l .  
3 .  s.ignificantly lower average air ve locitie s occurred at the hal f­
s la t  opening as compared to the full s lat opening but only at 
the swine leve l . 
4 . Pit water leve l did not signific antly af fect average air 
velocities at either the swine or the p i t  level . 
5 .  The section of the model (rear )  farthe s t  from the e xhaust fan 
had s igni ficantly lower average air veloc itie s as compared to 
the front of the model at the pit leve l for both ventilation 
systems . 
6 .  The front and rear o f  the model had s i gn i ficantly lower average 
air ve locitie s as comp ared to the center of the mode l at the 
swine leve l .  
7 .  S igni ficantly higher average air ve loc i ties occur red along the 
le ft and right sidewalls as compared to the center section o f  
the model a t  the swine and p i t  level for both venti la tion 
systems . 
8 .  The c enter duc t vent ilator system had a mor e  uni fo rm air 
ve locity distributi.on at the swine leve l as comp ared to the 
outside-wall ventil ator system .  
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9 .  Air velocity distr ibution wa s  .more uniform for the ou ts ide-wall 
ven ti lator at the p it level than for the c en te r  duc t ventilator . 
io . P it water leve l had l ittle effect on air veloc ity d i stribution 
at the swine and pit leve l s  for both ventilation systems . 
ll .  The ful l  s lat opening generated a more uniform a i r  ve lo city 
dis tribution as comp ared to the hal f- s lat opening for the 
center duct vent ilator system . 
i 2 . The out side-wall duct venti lato r had a s l ightly more even air 
ve locity di stribution at the full s lat opening as c ompared to 
the hal f  s lat opening . 
i3 . Air f low patte rns we re adequate and approximately equivalent at 
both leve l s  for the center and outs ide-wal l duct vent ilator 
systems . 
i4 . Comp rehen sive results of the data obtained from a i r  ve loci tie s 
and airflow patterns indicate that the c enter duc t ven ti lator 
system utiliz ing a half- slat opening provided better venti lation 
characte ri.stic s . 
SUMMARY 
The tendency in swine production i s  towards a c ontinui.ng increase 
of  c onfinement building systems to reduce land and l abor , improve 
environment a l  conditions , and increase management capabilitie s . Proper 
environmental control involves the removal of noxious gases and odors 
from the manure s tar.age pits located beneath the slatted floor . 
P it 
ventil ation systems for swine confinement housing have not yet reached 
optimal operating per formance . Therefore , a mode l study o f  the e ffec ts 
of swine manure p it ventilation system design on ventilati on character­
i sti.cs was p erformed . 
Uti lizing the princ iples of  similitude , 14 dimens ionless de sign 
conditions were establi shed that de fined the fluid properties and the 
building geometry of a model of a total conf inement swine finishing 
unit . Winter ventilation characteristic compari sons were made with two 
manure p it venti lation systems , three manure pit l iquid leve ls , and two 
s latted floor openings . The air velocities were analyzed with analyse s 
of variance and Tukey ' s  procedure . Air flow patte rns and air ve locities 
were analy zed wi th vi sual observation and iso-ve locity lines , 
re spective ly .  
Re sults indicated that pit ventil ation system de si
gn had a s igni -
ficant e ffect o n  average air ve loc itie s i n  the pit an
d a t  the swine 
leve l . The percent s lat opening had a signi fic ant
 e f fect on average 
air velocities at the swine leve l but not in the p
it area . Pit water 
level did not s igni ficantly affect average air ve
loc ities at the swine 
and pit leve l . 
Rel at ively uniform air velocity di stributions were found for the 
center duct ventilator system at the swine level and the outs ide-wall 
duct venti lator system in the pit . However , the outs ide-wall duct 
ventilator consi s tently generated lower ve locity means than did the 
center duct ventilator . Adequate and approximately e quiva lent airflow 
patterns were generated by the center and outs ide-wa l l  duct ventil ator 
sys tems . The center duct ventilator system uti lizing a hal f- s lat 
opening exhibited the best overall ventilation performance .  
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APPENDICES 
APPEND IX A 
LIST OF SYMBOLS 
LIST OF SYMBOLS 
A Are a 
B = Baffle s lot width 
Btu/hr = Heat f low rate 
c = Outs ide air specific heat 
c fm Cubic feet per minute 
cm Centime ter 
D Distance 
D = Ven t  p ipe diameter 
p 
fpm 
Fr 
g 
H 
h 
c 
Feet per minute 
Froude number 
Acceleration o f  gravity 
Overall heat trans fer coe f ficient 
Ceiling height 
h
p 
= Pit depth 
I . D .  
in 
K 
1 
m 
m/min 
31 . m min 
Nu 
n 
0 
Ins ide diame ter 
Inch 
Outside air thermal conductivi ty 
Bui lding length 
= Subscript , de signate s the mode l sys tem 
Meters per minute 
Cubic meters per minute 
Nuss elt  number 
Geometric length scale 
Percent slat opening 
80 
p Po s i tion along length of mode l 
Pr Prandtl number 
PVC Poly-vinyl chloride 
Volume flow rate i n  model 
Q
p 
= Volume flow rate in proto type 
r Roughness fac tor o f  vent p ipe 
Re Reynolds number 
s Venti lation system 
T .  = Ins ide air temperature 
1. 
T 0 Outs ide air temperature 
V = Ve locity of air 
w P i t  water leve l 
w = Bui lding width 
w 
p 
µ 
P i t  width 
Dynamic viscos ity of ins ide air 
rr .  = ith p i t  term ( dimensionless group ) 
1. 
p Air den s i ty 
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APPENDIX B 
AIR VELOCITIES 
Leve l Wal l  
Swine Le ft 
Level 
Center 
Right 
Manure Le ft 
Pit 
Right 
TABLE lB 
AIRFLOW RATES , CENTER DUCT VENTILATOR ( HALF SLAT ) 
Water 
Leve l Distance from 
( in )  Wal l  ( in )  1 
0 1 - 3  1 0 3 . 3 
7 7  . 4  
5 - 7  7 9 . 7 
88 . 5  
0 1 0- 1 0  8 3 . l  
3 8 . 5  
0 5 - 7  50 . 9  
7 0 . 0 
1- 3 7 7 . 4 
8 8 . 5  
0 1 - 3  1 7 . 5  
1 .  9 
5 - 7  0 . 0 
1 7 . 5  
0 1 - 3  8 3 . 1  
4 7 . 9 
5 - 7 0 . 0 
9 . 9 
·--
Air Ve locitie s ( ft/min )  
Position 
2 3 4 5 
9 3 . 7  98 . 6  1 48 . 3 8 3 . l  
90 . 6  8 8 . 5  9 3 . 7  8 5 . 3  
8 3 . 1  9 3 . 7  88 . 5  7 2 . 5  
5 8 . 1  7 0 . 0 4 3 . 3  90 . 6 
2 1 . 2 3 5 . 2  0 . 0 47 . 9  
1 3 . 7  3 5 . 2  1 7 . 5  6 4 . 9  
4 3 . 3 7 1 . 3 83 . 1  5 8 . l  
1 0 3 . 3 9 3 . 7  1 1 2 . 2 7 7 . 4 
9 3 . 7  98 . 6  9 3 . 7  9 3 . 7  
1 3 2 . 4  12 4 . 5 1 32 . 4  88 . 5  
2 6 . 6  3 5 . 2  98 . 6  7 7 .  4 
98 . 6  1 9 . 4  3 6 . 8  5 5 . 3 
0 . 0 0 . 0 0 . 0 0 . 0 
3 5 . 2  2 6 . 6  1 5 . 6  0 . 0 
86 . 4  1 .  9 5 0 . 9 62 . 2  
2 4 . 8  0 . 0 0 . 0 1 7 . 5  
0 . 0 0 . 0 0 . 0 0 . 0 
1 3 . 7 7 . 9  7 . 9  0 . 0 
---- -- --- --- -----
00 w 
TABLE 2B 
AIRFLOW RATES , CENTER DUCT VENTILATOR ( HALF SLAT ) 
Water Air Velocities ( ft/min ) 
Leve l Distance from Position 
Leve l Wall ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 1 2/3 1 - 3 1 07 . 9  1 06 . 1 98 . 6  1 47 . 5  1 08 . 7 
Leve l 84 . 2  96 . 7 9 1 . 7 1 07 . 9 9 7 . 7  
5 - 7  88 . 5  1 00 � 5 1 03 . 3 8 3 . 1  8 6 . 4  
98 . 6  6 7 . 5  7 6 . 2  5 0 . 9  98 . 6  
Center 1 2/3 10- 1 0  7 7 . 4  5 6 . 7 5 0 . 9  2 6 . 6  5 3 . 8  
4 1 . 7 2 3 . 0 5 0 . 9  1 7 . 5  4 3 . 3  
Right 1 2/3 5 - 7  5 3 . 8  64 . 9  84 . 2  1 07 . 9 1 00 . 5 
7 5 . 0  1 2 2 . 9  1 11 . 4  1 03 . 3 98 . 6  
1 - 3  94 . 7  1 00 . 5 99 . 6  1 00 . 5  1 07 . 9  
1 00 . 5 1 2 9 . 3 1 1 3 . 1  93 . 7  98 . 6  
Manure Le ft 1 2/3 1 - 3  5 0 . 9 4 1 . 7 60 . 9  114 . 7 64 . 9  
Pit 2 6 . 6  1 1 3 . 9 3 5 . 2  2 6 . 6  5 0 . 9 
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
3 0 . l  1 5 . 6  1 .  9 0 . 0  0 . 0 
Right 1 2/3 1 - 3  101 . 5 5 0 . 9  2 1 . 2 7 7 . 4 9 3 . 7  
7 7  . 4  5 6 . 7  9 . 9 0 . 0 1 7 . 5  
5-7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
1 7 . 5  5 . 9  0 . 0 1 .  9 0 . 0 
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TABLE 3 B  
AIRFLOW RATES , CENTER DUCT VENTILATOR ( HALF SLAT ) 
Water Air Ve locities ( ft/min ) 
Leve l Distance from Position ------ ·- -
Leve l Wall ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 3 1/ 3 1- 3  1 06 . 1  8 6 . 4  1 08 . 7 1 64 . 0 8 8 . 5  
Leve l 86 . 4  1 05 . 2  94 . 7  96 . 7 9 3 . 7  
5 - 7  9 3 . 7  64 . 9  1 06 . l 7 5 . 0  8 3 . 1  
88 . 5  7 0 . 0  7 7 . 4 68 . 8  5 0 . 9  
Center 3 1/ 3 10-10  88 . 5  2 4 . 8  2 3 . 0 3 5 . 2  7 2 . 5 
3 6 . 8  3 8 . 5  5 0 . 9 5 2 . 4  62 . 2  
Right 3 1/ 3 5 - 7  5 3 . 8  5 0 . 9 9 3 . 7  8 3 . 1  98 . 6  
7 5 . 0  1 01 . 5 1 16 . 4  1 03 . 3 9 3 . 7  
1 - 3  95 . 7  97 . 7  1 00 . 5 9 0 . 6 10 3 . 3 
9 3 . 7  13 0 . 8 1 16 . 4  9 3 . 7  94 . 7  
Manure Left 3 1/3 1- 3 62 . 2  8 3 . 1  3 0 . l  96 . 7 7 0 . 0 
Pit 0 . 0 116 . 4 4 1 . 7 3 . 9  44 . 8  
5 - 7  46 . 4  0 . 0 0 . 0 0 . 0 0 . 0 
0 . 0 9 . 9 0 . 0 1 .  9 0 . 0 
Right 3 1/3 1 - 3  1 28 . 5  5 8 . l 5 2 . 4  4 3 . 3  66 . 2  
8 3 . 1  62 . 2  46 . 4  0 . 0 1. 9 
5 - 7  0 . 0 o . o 3 1 . 8  0 . 0 0 . 0 
0 . 0 2 1 . 2 0 . 0 1 3 . 7  o . o 
00 
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TABLE 4B 
AIRFLOW RATES , CENTER DUCT VENTILATOR (FULL SLAT ) 
Water Air Ve locities ( ft/mi n )  
Leve l Distance from Position - -
Leve l Wall ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Left 0 1- 3 1 30 . 8 1 5 0 . 0 1 2 5 . 3  14 0 . 3 14 3 . 4  
Leve l 1 04 . 3 115 . 6  1 07 . 9  11 3 . l  1 1 2 . 2 
5 - 7  7 0 . 0 1 02 . 4  1 00 . 5 1 05 . 2  92 . 7  
5 0 . 9 1 07 . 9  1 02 . 4  84 . 2  7 7 . 4 
Center 0 10-10  7 1 . 3 64 . 9  5 8 . l  7 5 . 0  7 5 . 0  
1 05 . 2  1 19 . 7 5 8 . 1  64 . 9  1 07 . 9  
Right 0 5 - 7  113 . 1 88 . 5 1 2 6 . 1 1 07 . 9  1 16 . 4 
7 9 . 7  1 11 . 4  1 02 . 4  1 08 . 7 1 12 . 2  
1 - 3 1 05 . 2  1 2 4 . 5  1 1 0 . 5 1 18 . 9  1 17 . 2 
1 2 8 . 5  1 3 7 . 9  1 2 4 . 5 146 . 7 14 3 . 4  
Manure Le ft 0 1 - 3 5 3 . 8  7 1 . 3 5 8 . 1  1 0 3 . 3 64 . 9  
Pit 7 2 . 5 5 . 9  0 . 0 1 7 . 5  5 3 . 8  
5 - 7  0 . 0  44 . 8. 0 . 0 1 .  9 0 . 0 
0 . 0 2 4 . 8  0 . 0 0 . 0 0 . 0 
Right 0 1 - 3  68 . 8  8 3 . 1  9 . 9 8 3 . l  8 0 . 8  
5 8 . 1  4 3 . 3  0 . 0 0 . 0 5 5 . 3  
5-7  0 . 0 5 3 . 8  0 . 0 0 . 0 7 . 9  
0 . 0 1 3 . 7 0 . 0 0 . 0 7 . 9 
· · oo 
°' 
TABLE SB 
AIRFLOW RATES , CENTER DUCT VENTILATOR (FULL SLAT ) 
Water Air Ve loc ities ( ft/min )  
Leve l Distance from Pos ition 
Leve l Wal l  ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 1 2/3 1- 3 1 18 . 1 1 48 . 3 1 41 . l  1 1 6 . 4 1 1 9 . 7 
Leve l 98 . 6  1 07 . 0  94 . 7  1 12 . 2 9 9 . 6 
5 - 7  8 5 . 3  1 08 . 7  103 . 3 98 . 6  9 3 . 7  
7 1 .  3 7 0 . 0 8 2 . 0  7 6 . 2  7 7 .  4 
Center 1 2/3 10-10 1 02 . 4  4 7 . 9  3 3 . 5  5 9 . 5  9 3 . 7  
98 . 6  1 03 . 3 8 3 . 1  5 3 . 8  2 6 . 6  
Right 1 2/3 5 - 7  88 . 5  7 7  . 4  8 6 . 4 88 . 5  64 . 9  
8 5 . 3  1 00 . 5 99 . 6  1 04 . 3 80 . 8  
1- 3 97 . 7  1 11 . 4  1 02 . 4  1 06 . 1 1 03 . 3 
1 3 6 . 3 1 3 2 . 4  1 14 . 7 14 3 . 4  1 1 2 . 2 
Manure Left 1 2/3 1 - 3  7 . 9  3 5 . 2  7 1 .  3 1 07 . 9  7 8 . 5 
Pit 2 1 .  2 1 5 . 6  4 3 . 3 0 . 0 2 8 . 4  
5 _ 7  0 . 0 5 6 . 7 0 . 0 1 7 . 5  0 . 0 
0 . 0 3 6 . 8  0 . 0 0 . 0 0 . 0 
Right 1 2/3 1 - 3  1 15 . 6  1 03 . 3  3 6 . 8 98 . 6  83 . 1  
7 0 . 0 5 3 . 8  0 . 0 0 . 0 0 . 0 
5 - 7  1 .  9 3 5 . 2  0 . 0 0 . 0 3 5 . 2  
0 . 0 3 . 9 0 . 0 7 . 9  0 . 0 
co 
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TABLE 6B 
AIRFLOW RATES , CENTER DUCT VENTILATOR (FULL SLAT ) 
· --
Water Air Ve locitie s ( ft/min ) 
Leve l Di stance from Position 
Leve l Wall ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 3 1/3 1 - 3  1 2 6 . 1 1 2 0 . 5  1 3 0 . 8 1 3 7 . 1  1 1 9 . 7 
Leve l 1 00 . 5 1 06 . 1  1 02 . 4  1 1 3 . 1  1 03 . 3 
5 - 7  7 9 . 7 107 . 0  1 11 . 4  99 . 6  8 6 . 4 
64 . 9  7 9 . 7 9 3 . 7  1 1 0 . 5 64 . 9  
Center 3 1/ 3 10-10  1 07 . 9  64 . 9  4 3 . 3  5 0 . 9  5 3 . 8  
1 0 3 . 3 96 . 7 62 . 2  64 . 9  6 7 . 5  
Right 3 1/3 5 -7 68 . . 8 8 4 . 2  96 . 7 8 3 . l  9 3 . 7  
8 8 . 5 1 07 . 0  1 04 . 3 1 07 . 9  1 09 . 6 
1-3  99 . 6  1 18 . 1  1 12 . 2  1 09 . 6 1 1 1 . 4  
1 3 2 . 4 1 3 2 . 4  1 2 8 . 5  141 . 8  1 1 6 . 4 
Manure Le ft 3 1/3 1- 3  36 . 8  35 . 2  7 5 . 0  1 03 . 3 93 . 7  
Pit 3 5 . 2  3 . 9  9 . 9 17 . 5  3 8 . 5  
5 - 7  1 .  9 6 3 . 6  0 . 0 0 . 0 0 . 0 
0 . 0 2 8 . 4  0 . 0 0 . 0  o . o 
Right 3 1/3 1 - 3  98 . 6  94 . 7  5 0 . 9 58 . 1  46 . 4  
66 . 2  7 9 . 7  3 1 . 8 4 7 . 9  0 . 0 
5-7  3 3 . 5  4 0 . l 2 4 . 8  0 . 0 0 . 0 
1 .  9 3 3 . 5  0 . 0 0 . 0 0 . 0 
ro 00 
TABLE 7B 
AIRFLOW RATES , OUTSIDE-WALL DUCT VENTILATOR ( HALF SLAT ) 
Water Air Ve locitie s ( ft/min ) 
Leve l Distance from Pos ition 
Leve l Wall ( in )  Wall ( in )  1 2 3 4 5 
Swine Le ft 0 1 - 3 98 . 6  7 1 . 3 6 4 . 9  1 0 3 . 3 9 6 . 7  
Leve l 4 3 . 3  6 4 . 9  6 7 . 5  68 . 8  5 0 . 9 
5-7  7 7 . 4 8 8 . 5  5 0 . 9 5 3 . 8  5 5 . 3  
3 5 . 2  4 3 . 3  2 6 . 6  5 0 . 9  2 8 . 4  
Center 0 1 0- 1 0  3 5 . 2  7 . 9  7 . 9 1 .  9 1 3 .  7 
0 . 0 1 3 . 7  4 4 . 8  1 9 . 4  4 9 . 4  
Right 0 5 - 7  9 . 9 7 1 .  3 5 9 . 5 4 9 . 4  4 1 . 7 
2 6 . 6  1 0 0 . 5 8 5 . 3  5 2 . 4  5 6 . 7  
1 - 3  5 8 . 1  6 4 . 9  6 0 . 9  5 6 . 7  5 3 . 8  
1 1 2 . 2  ·n . 3 7 7 . 4 6 3 . 6  9 4 . 7  
Manure Le ft 0 1- 3 8 3 . 1  7 1 . 3 1 3 . 7 4 3 . 3  9 . 9  
Pit 1 . 9  1 7 . 5  o . o 2 1 . 2 7 . 9  
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
1 . 9  0 . 0 0 . 0 0 . 0 0 . 0  
Right 0 1 - 3  3 8 . 5  64 . 9  7 . 9 1 9 . 4 1 7 . 5  
0 . 0 1 .  9 0 . 0 0 . 0 0 . 0 
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
CX> 
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TABLE 8B 
AIRFLOW RATES ,  OUTS IDE-WALL DUCT VENTILATOR ( HALF SLAT ) 
Water Air Ve locities ( ft/min ) 
Leve l Distance from Position -----
Leve l Wall ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Left 1 2/3 1-3  96 . 7  8 3 . l  64 . 9  96 . 7  8 7 . 5  
Leve l 5 9 . 5  62 . 2  7 1 . 3 7 7 . 4  5 8 . l  
5 - 7  99 . 6 100 . 5 56 . 7  6 7 . 5  5 6 . 7  
1 3 . 7  3 6 . 8 2 1 . 2 7 8 . 5  3 0 . 1  
Center 1 2/3 10-10 4 4 . 8 1 5 . 6  7 . 9 11 . 8 5 . 9 
0 . 0 13 . 7 3 5 . 2  3 0 . l 5 8 . 1  
Right 1 2/3 5 - 7  3 . 9 68 . 8  64 . 9  5 2 . 4  5 3 . 8  
2 6 . 6  107 . 9  91 . 7 44 . 8  6 7 . 5  
1 - 3  6 2 . 2  66 . 2  64 . 9  5 9 . 5  64 . 9  
105 . 2 97 . 7  7 9 . 7 7 8 . 5  1 00 . 5 
Manure Le ft 1 2/3 1- 3  7 9 . 7 7 8 . 5  9 . 9  3 1 . 8  0 . 0 
Pit 2 8 . 4  17 . 5  3 . 9  1 5 . 6  1 3 . 7 
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 3 . 9  
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
Right 1 2/3 1- 3 2 4 . 8  75 . 0  3 . 9 3 3 . 5  1 3 . 7 
15 . 6  5 . 9  5 . 9  0 . 0  3 . 9  
5 -7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 1 .  9 
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TABLE 9B 
AIRFLOW RATES , OUTS IDE-WALL DUCT VENTILATOR ( HALF SLAT) 
Water Air Velocities ( ft/min ) 
Leve l Di stance from Position 
Leve l Wal l  ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 3 1/3 1- 3 95 . 7  6 3 . 6  7 0 . 0  112 . 2  92 . 7  
Leve l 4 4 . 8  66 . 2  7 1 . 3 68 . 8  5 9 . 5 
5-7  96 . 7 64 . 9  55 . 3  56 . 7 49 . 4  
17 . 5  3 6 . 8  17 . 5  7 9 . 7  2 4 . 8  
Center 3 1/3 10-10 3 6 . 8  1 .  9 0 . 0 1 9 . 4  15 . 6  
0 . 0 17 . 5  44 . 8  2 1 . 2 5 0 . 9 
Right 3 1/3 5-7 3 . 9  7 2 . 5 62 . 2  3 6 . 8 4 3 . 3  
3 3 . 5  87 . 5  85 . 3  47 . 9  6 3 . 6  
1- 3 5 9 . 5  7 1 .  3 64 . 9  5 9 . 5 66 . 2  
113 . 1  90 . 6  87 . 5  8 3 . 1  98 . 6  
Manure Le ft 3 1/3 1 - 3  8 0 . 8  92 . 7 11 . 8 56 . 7  1 .  9 
Pit 4 1 . 7 3 3 . 5  · 0 . 0  15 . 6  0 . 0 
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
1 .  9 0 . 0 0 . 0 0 . 0 0 . 0 
Right 3 1/3 1 - 3  72 . 5 75 . 0  2 1 . 2 3 3 . 5  1 7 . 5  
3 3 . 5  0 . 0 0 . 0 0 . 0 9 . 9 
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
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TABLE l OB 
AIRFLOW RATES , OUTSIDE-WALL DUCT VENTILATOR ( FULL SLAT ) 
Water Air Ve locities ( ft/min ) 
Leve l Distance from Position -
Level Wall ( in )  Wa l l  ( in )  1 2 3 4 5 
Swine Le ft 0 1- 3 80 . 8  1 05 . 2 1 04 . 3 1 07 . 9  60 . 9 
Leve l 5 3 . 8  58 . 1  7 2 . 5  66 . 2 66 . 2  
5 - 7  3 1 . 8  41 . 7 6 7 . 5  3 3 . 5  5 0 . 9  
1 3 . 7  5 6 . 7  7 . 9  3 5 . 2  2 8 . 4  
Center 0 10-10  68 . 8  1 .  9 3 . 9  1 .  9 64 . 9  
4 1 . 7 5 2 . 4  1 3 . 7 3 5 . 2  3 8 . 5  
Right 0 5 -7 3 1 . 8  2 8 . 4  3 1 .  8 4 9 . 4  3 3 . 5 
3 0 . l 7 2 . 5  5 8 . l  5 6 . 7 5 0 . 9 
1 - 3  5 2 . 4  68 . 8  75 . 0  7 0 . 0 66 . 2  
7 7 . 4  71 . 3 90 . 6  7 6 . 2  7 7 .  4 
Manure Le ft 0 1 - 3  66 . 2 67 . 5  15 . 6  5 0 . 9  0 . 0 
Pit 4 1 .  7 7 . 9 0 . 0 0 . 0 0 . 0 
5 - 7  2 6 . 6 0 . 0 0 . 0 0 . 0 1 .  9 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
Right 0 1 - 3  2 1 . 2 5 2 . 4  0 . 0 2 1 . 2 1 .  9 
0 . 0 7 . 9  0 . 0 0 . 0 0 . 0 
5 - 7  o . o 3 . 9  0 . 0 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
"° 
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TABLE l lB 
AIRFLOW RATES , OUTSIDE-WALL DUCT VENTILATOR (FULL SLAT) 
Water Air Ve locities ( ft/min ) 
Level Distance from Position -- -
Level Wall ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 1 2/ 3 1 - 3  6 4 . 9  1 0 5 . 2  1 02 . 4  1 1 6 . 4  5 6 . 7 
Level 4 9 . 4  4 3 . 3 6 7 . 5  62 . 2  5 9 . 5  
5 - 7  2 6 . 6 4 1 . 7 6 4 . 9  2 8 . 4  4 3 . 3 
9 . 9 3 5 . 2  5 . 9  3 5 . 2 1 9 . 4  
Center 1 2/3 1 0 - 1 0  6 7 . 5  0 . 0 0 . 0 1 .  9 5 9 . 5 
4 1 .  7 4 0 . 1  9 . 9  4 1 . 7 4 0 . 1 
Right 1 2/3 5 - 7  1 9 . 4  1 9 . 4  3 3 . 5 5 3 . 8 2 6 . 6 
3 1 . 8  6 7 . 5  5 0 . 9  4 6 . 4  4 9 . 4  
1 - 3  5 6 . 7  7 2 . 5 6 7 . 5  6 4 . 9  5 8 . 1  
7 2 . 5 7 5 . 0  1 01 . 5 84 . 2 8 3 . l  
Manure Left 1 2/3 1- 3 5 0 . 9  62 . 2 0 . 0 3 5 . 2 0 . 0 
Pit 3 . 9  0 . 0 0 . 0 o . o 5 . 9  
5 - 7  1 9 . 4  0 . 0 0 . 0 0 . 0 0 . 0 
o . o 0 . 0 0 . 0 0 . 0 0 . 0  
Right 1 2/3 1-3 2 3 . 0  64 . 9  3 . 9  1 .  9 7 . 9 
1 .  9 0 . 0 0 . 0 0 . 0 0 . 0 
5 - 7  0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
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TABLE 12B 
AIRFLOW RATES , OUTS IDE-WALL DUCT VENTILATOR (FULL SLAT ) 
Water Air Velocitie s ( ft/min ) 
Leve l Distance from Position 
Leve l Wal l  ( in )  Wal l  ( in )  1 2 3 4 5 
Swine Le ft 3 1/3 1- 3 7 5 . 0  11 3 . 1  103 . 3 119 . 7 71 . 3 
Leve l 5 6 . 7  58 . l  7 2 . 5 7 3 . 8  6 7 . 5  
5-7  2 6 . 6 4 0 . l  6 7 . 5  40 . 1 5 3 . 8  
11 . 8  5 3 . 8  15 . 6  56 . 7  2 4 . 8  
Center 3 1/ 3 10-10  71 .  3 1 .  9 3 . 9  5 . 9 7 5 . 0  
47 . 9  49 . 4  1 1 .  8 3 1 .  8 3 5 . 2  
Right 3 1/3 5 - 7  17 . 5  3 0 . 1  3 5 . 2  5 0 . 9 4 6 . 4  
3 5 . 2  7 2 . 5 5 2 . 4  47 . 9  5 0 . 9  
1 - 3  60 . 9  8 3 . 1  7 1 . 3 7 2 . 5  68 . 8  
8 3 . 1  8 9 . 6 1 01 . 5 88 . 5  86 . 4  
Manure Le ft 3 1/3 1- 3  67 . 5  7 7 . 4 1 .  9 44 . 8  0 . 0 
Pit 3 8 . 5  7 . 9  0 . 0 0 . 0 1 .  9 
5 - 7  2 1 . 2 0 . 0 0 . 0 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
Right 3 1/3 1-3  5 9 . 5  68 . 8  17 . 5  2 4 . 8  17 . 5  
11 . 8  0 . 0 0 . 0 0 . 0 1 .  9 
5-7  0 . 0 1 .  9 o . o 0 . 0 0 . 0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
u:> 
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APPENDIX C 
STATISTICAL ANALYSIS 
TABLE 13C 
ANALYSIS OF VARIANCE , VELOCITIES AT P I T  LEVEL 
Source D . F .  
System ( S )  1 
Percent S la t  Opening (0 ) 1 
Pit Water Level (W )  2 
Position ( P )  4 
Distance ( D )  3 
s x 0 1 
s x w 2 
s x p 4 
s x D 3 
0 x w 6 
0 x D 3 
p x D 1 2  
s x 0 x D 12 
0 x p x D 12 
Error 4 1 3  
* 
S igni ficant a t  the 5 %  leve l . 
* *  
Sign i ficant at the 1 %  leve l . 
Mean Square 
3 8 , 3 6 6 . 90 
5 2 . 40 
6 2 3 . 80 
6 , 7 5 2 . 68 
3 9 , 8 3 0 . 1 9  
6 3 7 . 5 6 
1 2 3 . 5 8 
5 52 . 2 3 
5 , 35 2 . 8 8 
3 1 3 . 58 
7 5 5 . 60 
1 , 48 3 . 2 4 
2 , 17 8 . 6 9  
70 1 . 8 4  
3 7 5 . 65 
96 
F 
1 02 . 14 * *  
0 . 14 
1 .  66 
1 7 . 98
* *  
1 06 . 0 3
* *  
1 .  7 0  
0 . 3 3  
1 . 4 7 
1 4 . 2 5
* *  
0 . 8 3 
2 . 01 
3 . 95 
* * 
5 . 8 0 
* *  
1 .  8 7
* 
TABLE 1 4C 
ANALYS I S  OF VARIANCE , VELOCITIES AT SWINE LEVEL 
Source D . F .  
System (S )  1 
Percent S lat Opening (0 )  1 
Pit Water Leve l (W) 2 
Position ( P )  4 
Distance ( D )  4 
s x 0 1 
s x w 2 
s x p 4 
s x D 4 
0 x D 4 
w x D 8 
p x D 16 
s x 0 x w 2 
0 x p x D 16 
Error 5 3 0 
* 
Sign i ficant at the 5 %  leve l . 
* *  
Sign i ficant at the 1% level . 
Mean Square 
2 02 , 4 1 5 . 3 6 
7 , 2 3 9 . 8 2  
7 2 . 2 3  
7 3 4 . 0 4  
5 5 1 5 2 1 . 4 7  
1 5 , 8 0 0 . 4 0  
86 . 8 1 
1 6 7 . 65 
4 9 2 . 5 9 
2 , 98 9 . 0 5  
2 7 . 9 0  
2 1 2 9 2 . 06  
70 7 . 6 7  
9 6 1 . 2 5  
3 0 1 . 4 0  
9 7  
F 
* *  
6 7 1 . 5 8  
* *  
2 4 . 02  
0 . 2 4  
* 
2 . 44 
1 84 . 2 1
* *  
5 2 . 42
* *  
0 . 2 9 
0 . 5 6 
1 .  6 3  
9 . 92 
* *  
0 . 09 
* *  
7 . 60 
2 . 35 
3 . 19
* *  
APPENDIX D 
AIRFLOW TEMPERATURES 
TABLE 1 5D 
AIRFLOW TEMPERATURES 
Percent Slat Water Leve l Temperature (OF )  Re lative Humidity ( % )  
System Opening ( in )  Inside Outside Ins ide Out s ide 
0 68 78 33  2 1  
1 2/3 7 3  8 2  3 0  2 4  
Half Slat 
3 1/3 7 2  8 2  3 3  2 8  
Center Duct 0 69  79  3 6  2 8  
Venti lator 
1 2/3 68 78 4 0  3 0  
Full Slat 
3 1/3 67  77  45 3 7  
0 81 91 58 38 
1 2/3 75  85 39 31 
Hal f  Slat 
3 1/3 7 6  8 6  35  3 0  
Outside-Wall 0 7 9  8 9  3 9  3 0  
Duct Venti lator 
1 2/3 77 87  4 0  3 8  
Full Slat 
3 1/3 8 1  9 0  3 6  3 1  
-
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